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Abstract
Polymer dispersed nematic liquid crystal (PDNLC) films with conical bound-
ary conditions at the LC-polymer interface are considered. The conical surface
anchoring with tilt angle 40◦ initiates forming the axial-bipolar director con-
figuration inside nematic droplets. This droplet structure exhibits the strong
scattering of light polarized parallel to the bipolar axis. In the initial state, the
bipolar axes in all droplets are oriented randomly, and therefore PDNLC film
scatters a light of any polarization. Electric field applied along the film plane
orients the bipolar axes unidirectionally in the whole droplet ensemble, that
results in its high polarization-dependent transmittance. Such PDNLC films
can be used in the electrically controllable linear polarizers characterized by
89% value of the transmittance for the perpendicular polarized light and high
extinction ratio 590:1 at the electric field 0.34 V/µm.
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1. Introduction
Polymer dispersed liquid crystals (PDLC) are the polymer films containing
liquid crystal (LC) droplets. This material is flexible and resistant to mechan-
ical stresses. Owing to the optical anisotropy of LC, a light scattering by the
droplet depends on the orientational ordering of the director (the unit vector5
characterizing the preferred orientation of the long axes of LC molecules) and
polarization of incident light [1, 2, 3, 4, 5, 6]. The director configuration in the
droplet is specified by the boundary conditions (surface anchoring), LC material
parameters, droplet shape and size. The orientational structure changes under
the influence of external factors (electric or magnetic fields, temperature, stress10
and so on) which affect the light scattering by LC droplets and, consequently,
the light transmission of PDLC film. For example, the composite films can be
switched from the light scattering state into the transparent one by the electric
field, if the refractive index np of polymer is close to the ordinary refractive
index n⊥ of LC [7, 8, 9, 10, 11].15
LC droplets in the composite films are of the oblate spheroid form with the
minor axis aligned mainly perpendicular to the film plane [12, 13]. Because of
random orientations of the droplets, the transmittance of the whole PDLC film
for normally incident light is independent of its polarization despite the polar-
ization dependence of the light scattered by the individual droplet. For instance,20
the oblate nematic droplets with bipolar configuration (Fig. 1a) scatter the light
polarized parallel to the bipolar axis more intensely than another polarized light
component. However, the uniaxially aligned ensemble of such droplets did not
exhibit high scattering anisotropy [14, 15, 16]. High polarization dependence
of the film transmittance can be obtained by forming an ensemble of prolate25
droplets by the unidirectional stretching of PDLC film [17, 18, 19, 20, 21, 22].
In this case the major axes of all droplets get oriented along the stretching. The
symmetry axis of the bipolar configuration formed at the tangential (planar)
boundary conditions in nematic droplets is aligned along the major axis (Fig.
1b). It results in the strong scattering of the light polarized along the stretching30
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Figure 1: Photos of nematic droplets with the various director configurations taken in the po-
larized light when the polarizer is oriented along (middle row) and perpendicular (bottom row)
to the symmetric axes of the droplets. The bipolar (a) and elongated bipolar (b) configurations
under tangential boundary conditions, the radial (c) and elongated radial (d) structures under
homeotropic boundary conditions, the axial-bipolar configuration (e) under conical boundary
conditions. The schemes of appropriate orientational structures are presented in the top row.
The polarizer’s directions are indicated by the double arrows.
while the PDNLC film is transparent for the light polarized perpendicular to
the stretching if the above-mentioned condition np ∼= n⊥ is valid. Neverthe-
less, small areas of the droplet interface near of the point defects (boojums)
still scatter the perpendicular polarized light component (Fig. 1b, bottom row)
decreasing its transmittance. For example, the extinction ratio (ratio T⊥/T ‖35
of the transmittances for the light polarized perpendicular and parallel to the
stretching, respectively) 420:1 was reached at T⊥ = 0.49 [17]. The similar ef-
fect, but with less transmittance anisotropy, was observed in PDNLC films with
the droplet radial configuration at the homeotropic (perpendicular) surface an-
choring (Fig. 1c) after their stretching (Fig. 1d) [23].40
The electric field applied in PDNLC film plane orients the LC director along
the field. This makes the light polarized along the electric field scatter stronger
than the light with orthogonal polarization [24, 25, 26]. Therefore, the trans-
mittances of light polarized perpendicular and parallel to the applied field as
well as their ratio depend on the voltage. It enables to produce polarizers with45
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the electrically controlled light transmission and polarization degree. Ideally, a
homogeneous director alignment in the unidirectionally oriented LC droplets is
necessary to achieve high polarizer performance.
In PDNLC films with the conical boundary conditions at the LC-polymer
interface, the unique axial-bipolar director configuration is formed inside the50
nematic droplets with a diameter less than 10 µm (Fig. 1e) [27, 28, 29]. The di-
rector distribution in such droplets is much closer to homogeneous one than the
bipolar configuration within the droplets with tangential anchoring (Fig. 1a).
As a result, the significant difference of the droplet textures can be observed
in the light polarized parallel or perpendicular to the bipolar axis (middle and55
bottom rows, respectively, in Fig. 1e). In the middle row the droplet looks
like a dark circle with sharp borders due to mismatching of LC and polymer
refractive indices. Consequently, such a droplet strongly scatters the light po-
larized parallel to the bipolar axis. In contrast, the droplet is almost invisible
in the perpendicular polarized light (bottom row) due to the refractive indices60
matching. In this case the polarized light is not practically scattered by this
droplet.
In this paper we study the electrically controllable transmission of polarized
light by PDNLC films with conical boundary conditions, in which the axial-
bipolar droplets get oriented by an in-plane applied electric field.65
2. Experimental approach
PDNLC films based on the nematic mixture LN-396 (Belarusian State Tech-
nological University) dispersed in poly(isobutyl methacrylate) (PiBMA) (Sigma
Aldrich) have been studied [27]. For the used composition, the conical surface
anchoring of LC is formed with the tilt angle 40◦. The samples were prepared by70
TIPS technology [12] with the weight ratio LN-396 : PiBMA = 60 : 40. During
this process the mixture of LC and polymer was heated to 70 ◦C followed by
cooling to the room temperature for 5 minutes. In the process of phase separa-
tion, a part of the LC remains in the polymer matrix, that leads to a change of
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the polymer refractive index. The phase separation and droplet formation does75
not yet occur at the weight ratio LN-396 : PiBMA = 30 : 70. The refractive
index of such a polymer matrix is np = 1.518. Refractive indices of LC are
n⊥ = 1.52 and n‖ = 1.69. The electrooptical cells were assembled using the
glass substrates with two ITO electrodes separated by the gap of 650 µm on
each substrate (Fig. 2). Such a layout allows applying 1 kHz AC electric field80
in the plane of PDNLC film. The PDNLC films of 15 and 25 µm-thick were
investigated.
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Figure 2: Schemes of the optical setup and PDNLC cell to measure polarization characteristics
of the light passed through PDNLC film.
The light transmission was measured by using the optical setup shown in Fig.
2. The circularly polarized light of He-Ne laser (λ = 632.8 nm) (Lasos) focused
by the lens with focal distance 75 mm was incident normally on the sample.85
The diameter of laser beam at the sample is measured by the Laser Beam
Profiler LBP-1 (Newport) and was 320 µm at 13,5% level. The focused laser
beam passed between ITO electrodes through PDNLC film and further through
the Glan-Laser polarizer oriented parallel or perpendicular to the direction of
the applied electric field. The silicon detector with amplifier PDA100A-EC90
(ThorLabs) was used to measure the intensity of transmitted light. The detector
was equipped by the iris stop with angular size 45 minutes corresponding to the
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Figure 3: Microphotos of PDNLC film taken for two analyzer (A) orientations: parallel (a) and
perpendicular (b) to the in-plane applied electric field E. Microscope polarizer is switched-off.
The gap between ITO electrodes is 650 µm.
angular size of laser beam without PDNLC cell. The digital multimeter 34465A
(Keysight) was used to measure the signal from the detector.
3. Results and discussion95
Typical patterns of the studied PDNLC films under the action of in-plane
applied electric field E are shown in Fig. 3. When the analyzer is parallel to
E, the film area between electrodes looks as a dark rectangle due to the strong
scattering of the light polarized along the analyzer because the bipolar droplet’s
axes are oriented along the electric field (Fig. 3a). Conversely, the same area of100
the film is a bright rectangle if the analyzer is orthogonal to E (Fig. 3b). Here.
this occurs because the refractive indices of both film components are matched,
and consequently the light polarized perpendicularly to E does not scatter.
The dependences of PDNLC cells transmittances T‖,⊥ on the applied voltage
are given in Fig. 4a. The transmittances were determined as T‖,⊥= I‖,⊥ /I0,105
respectively, where I0 is light intensity after the Glan polarizer without the
sample, I‖,⊥ are the light intensities after the sample and Glan polarizer for
the parallel (‖) or perpendicular (⊥) orientation of the polarizer to the applied
electric field. AC voltage varies the transmittance of polarized light components.
The optical response of PDNLC cells is not threshold. The 15 µm-thick PDNLC110
film shows considerable changes of light transmission in the range of the applied
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voltage up to 100 V (E ∼= 0.15 V/µm), when T⊥ increases to 80% and T‖
decreases to 0,5%, at that the extinction ratio ER = T⊥/T‖ = 160 : 1 (Fig.
4b). Further voltage increase leads to the smooth growing of T⊥ to 89% and
ER to 590:1 at 220 V (E ∼= 0.34 V/µm). The transmittances of both polarized115
components are less than 1% in the initial state for the cell with PDNLC film of
25 µm thickness. The maximum variation is observed in the 100-200 V range,
in which T⊥ increases from 7% to 62%, at that the extinction ratio ER grows
up to 2581:1. Further increase of voltage results in the growth of T⊥ up to 67%
and the slight decrease of ER to 2300:1 at 260 V (E ∼= 0.4 V/µm).120
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Figure 4: Transmittances of the polarized light components T‖,⊥ (a) and their extinction
ratio ER = T⊥/T‖ (b) depending on the applied voltage U for two cells with PDNLC films
of 15 and 25 µm thickness. The gap between electrodes is 650 µm.
4. Conclusion
The polarization-dependent light transmission of PDNLC cells with the
axial-bipolar director configuration in LC droplets caused by the in-plane ap-
plied voltage has been studied. The electric field decreases the transmittance T‖
of light polarized parallel to its direction and simultaneously increases T⊥ com-125
ponent as the voltage rises. The cells exhibit the high extinction ratio ER and
perpendicular component of transmittance at low values of the control electric
field (less than 0.4 V/µm). For instance, the transmittance 89% for the perpen-
dicular polarized light and high extinction ratio 590:1 have been obtained for the
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15 µm-thick PDNLC film at the electric field 0.34 V/µm. These are record val-130
ues for the electrically controllable linear polarizers based on the light scattering
anisotropy. It should be noted that ER value can be significantly increased if
the thicker films to be used, but then the transmittance T⊥ be reduced.
Thus, PDNLC films with the conical boundary conditions can be effectively
used for the low-voltage controlled linear polarizers and polarization-sensitive135
optical switches.
Acknowledgments
The reported study was funded by Russian Foundation for Basic Research,
Government of Krasnoyarsk Territory, Krasnoyarsk Regional Fund of Science
(No 18-42-243006); Russian Foundation for Basic Research (No 16-32-60036).140
References
[1] S. Zumer, J. W. Doane, Light scattering from a small nematic droplet,
Physical Review A 34 (4) (1986) 3373–3386. doi:10.1103/PhysRevA.34.
3373.
[2] J. Ding, Y. Yang, Small angle light scattering from axial nematic droplets,145
Molecular Crystals and Liquid Crystals 238 (1) (1994) 47–60. doi:10.
1080/10587259408046915.
[3] J. Ding, Y. Yang, Small angle light scattering from bipolar nematic
droplets, Molecular Crystals and Liquid Crystals 257 (1) (1994) 63–87.
doi:10.1080/10587259408033765.150
[4] L. Jimnez, I. Mendoza, J. A. Reyes, Geometrical analysis of the electro-
optical effect in nematic droplets, Physical Review E 72 (5) (2005) 051705.
doi:10.1103/PhysRevE.72.051705.
[5] J. A. Reyes, Ray propagation in nematic droplets, Physical Review E 57 (6)
(1998) 6700–6705. doi:10.1103/PhysRevE.57.6700.155
8
[6] V. A. Loiko, V. I. Molochko, Influence of the director field structure on ex-
tinction and scattering by a nematic liquid-crystal droplet, Applied Optics
38 (13) (1999) 2857. doi:10.1364/AO.38.002857.
[7] J. W. Doane, N. A. Vaz, B.-G. Wu, S. umer, Field controlled light scattering
from nematic microdroplets, Applied Physics Letters 48 (4) (1986) 269–271.160
doi:10.1063/1.96577.
[8] H.-S. Kitzerow, Polymer-dispersed liquid crystals From the nematic curvi-
linear aligned phase to ferroelectric films, Liquid Crystals 16 (1) (1994)
1–31. doi:10.1080/02678299408036517.
[9] J. W. Doane, Polymer dispersed liquid crystal displays, in: B. Bahadur165
(Ed.), Liquid Crystals Applications and Uses, World Scientific, 1990, pp.
361–395. doi:10.1142/9789814368278_0010.
[10] J. R. Kelly, P. Palffy-Muhoray, The optical response of polymer dispersed
liquid crystals, Molecular Crystals and Liquid Crystals 243 (1) (1994) 11–
29. doi:10.1080/10587259408037759.170
[11] H. Ren, S.-T. Wu, Anisotropic liquid crystal gels for switchable polarizers
and displays, Applied Physics Letters 81 (8) (2002) 1432–1434. doi:10.
1063/1.1502021.
[12] P. S. Drzaic, Liquid crystal dispersions, World Scientific, 1995.
[13] O. O. Prishchepa, A. V. Shabanov, V. Y. Zyryanov, A. M. Parshin,175
V. G. Nazarov, Friedericksz threshold field in bipolar nematic droplets
with strong surface anchoring, JETP Letters 84 (11) (2006) 607–612.
doi:10.1134/S0021364006230081.
[14] V. G. Nazarov, V. A. Gunyakov, V. Y. Zyryanov, A. M. Parshin, V. F.
Shabanov, Optical anisotropy of uniaxially oriented films of polymer-180
encapsulated liquid crystals, Journal of Optical Technology 72 (9) (2005)
675–677. doi:10.1364/JOT.72.000675.
9
[15] V. G. Nazarenko, Y. A. Reznikov, V. Y. Reshetnyak, V. V. Sergan, V. Y.
Zyryanov, Oriented dispersion of lc droplets in a polymer matrix with light
induced anisotropy, Molecular Materials 2 (1993) 295–299.185
[16] N. Kawatsuki, T. Hasegawa, H. Ono, T. Yamamoto, Scattering linear polar-
izer based on a polymer blend of photo-cross-linkable polymer liquid crystal
and photoinactive polymer, Chemistry Letters 31 (12) (2002) 1256–1257.
doi:10.1246/cl.2002.1256.
[17] V. Y. Zyryanov, S. L. Smorgon, V. F. Shabanov, Elongated films of polymer190
dispersed liquid crystals as scattering polarizers, Molecular Engineering
1 (4) (1992) 305–310.
[18] O. A. Aphonin, Y. V. Panina, A. B. Pravdin, D. A. Yakovlev, Optical prop-
erties of stretched polymer dispersed liquid crystal films, Liquid Crystals
15 (3) (1993) 395–407. doi:10.1080/02678299308029140.195
[19] I. Amimori, N. V. Priezjev, R. A. Pelcovits, G. P. Crawford, Optome-
chanical properties of stretched polymer dispersed liquid crystal films for
scattering polarizer applications, Journal of Applied Physics 93 (6) (2003)
3248–3252. doi:10.1063/1.1554757.
[20] V. Y. Zyryanov, E. P. Pozhidaev, S. L. Smorgon, A. L. Andreev, D. Ganzke,200
V. F. Shabanov, I. N. Kompanets, W. Haase, Light modulation char-
acteristics of a single-polarizer electro-optical cell based on polymer dis-
persed ferroelectric liquid crystals, Liquid Crystals 28 (5) (2001) 741–748.
doi:10.1080/02678290010025864.
[21] O. A. Aphonin, Optical properties of stretched polymer dispersed liquid205
crystal films: Angle-dependent polarized light scattering, Liquid Crystals
19 (4) (1995) 469–480. doi:10.1080/02678299508032008.
[22] V. Y. Zyryanov, V. A. Barannik, V. V. Presnyakov, S. L. Smorgon, A. V.
Shabanov, V. F. Shabanov, V. A. Zhuikov, Uniaxially oriented films of
10
polymer dispersed liquid crystals: Textures, optical properties and appli-210
cations, Molecular Crystals and Liquid Crystals 438 (1) (2005) 163/[1727]–
173/[1737]. doi:10.1080/15421400590956018.
[23] M. H. Egamov, V. P. Gerasimov, M. N. Krakhalev, O. O. Prishchepa,
V. Y. Zyryanov, V. A. Loiko, Polarizing properties of a stretched film of
a polymer-dispersed liquid crystal with a surfactant dopant, Journal of215
Optical Technology 81 (7) (2014) 414–417. doi:10.1364/JOT.81.000414.
[24] F. Bloisi, C. Ruocchio, P. Terrecuso, L. Vicari, Optoelectronic polar-
izer by pdlc, Liquid Crystals 20 (3) (1996) 377–379. doi:10.1080/
02678299608032048.
[25] F. Bloisi, P. Terrecuso, L. Vicari, Polarized light scattering in a novel poly-220
mer dispersed liquid-crystal geometry, Journal of the Optical Society of
America A 14 (3) (1997) 662. doi:10.1364/JOSAA.14.000662.
[26] S. Baek, Y. Jeong, H.-R. Kim, S.-D. Lee, B. Lee, Electrically controllable
in-line-type polarizer using polymer-dispersed liquid-crystal spliced optical
fibers, Applied Optics 42 (25) (2003) 5033–5039. doi:10.1364/AO.42.225
005033.
[27] M. N. Krakhalev, O. O. Prishchepa, V. S. Sutormin, V. Y. Zyryanov, Direc-
tor configurations in nematic droplets with tilted surface anchoring, Liquid
Crystals 44 (2) (2017) 355–363. doi:10.1080/02678292.2016.1205225.
[28] V. Y. Rudyak, M. N. Krakhalev, O. O. Prishchepa, V. S. Sutormin, A. V.230
Emelyanenko, V. Y. Zyryanov, Orientational structures in nematic droplets
with conical boundary conditions, JETP Letters 106 (6) (2017) 384–389.
doi:10.1134/S0021364017180102.
[29] V. Y. Rudyak, M. N. Krakhalev, V. S. Sutormin, O. O. Prishchepa, V. Y.
Zyryanov, J.-H. Liu, A. V. Emelyanenko, A. R. Khokhlov, Electrically235
induced structure transition in nematic liquid crystal droplets with conical
11
boundary conditions, Physical Review E 96 (5). doi:10.1103/PhysRevE.
96.052701.
12
